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The transition from early to late stage infection by adenovirus involves a change in mRNA expression from the adenovirus major late
transcription unit (AdMLTU). This early to late switch centers around alternative selection of one of five poly (A) sites (L1–L5) that code for
the major structural proteins of Adenovirus. During the early stage of infection, steady state mRNA is primarily derived from the L1 poly (A)
site. During the late stage of infection, each of the MLTU poly (A) sites is represented in the steady state mRNA pool (Falck-Pedersen, E.,
Logan, J., 1989. Regulation of poly(A) site selection in adenovirus. J. Virol. 63 (2), 532–541.). Using transient transfection of a plasmid
expressing Chloramphenicol Acetyl Transferase with a tandem poly (A) minigene system (L13) (DeZazzo, J.D., Falck-Pedersen, E.,
Imperiale, M.J., 1991. Sequences regulating temporal poly(A) site switching in the adenovirus major late transcription unit. Mol. Cell. Biol.
11 (12), 5977–5984; Prescott, J., Falck-Pedersen, E., 1994. Sequence elements upstream of the 3Vcleavage site confer substrate strength to
the adenovirus L1 and L3 polyadenylation sites. Mol. Cell. Biol. 14 (7), 4682–4693.), it has been demonstrated that the promoter-proximal
L1 poly (A) site which is poorly recognized by the 3V end processing machinery, contains an upstream repressor element (URE) that
influences steady state levels of mRNA (Prescott, J.C., Liu, L., Falck-Pedersen, E., 1997. Sequence-mediated regulation of adenovirus gene
expression by repression of mRNA accumulation. Mol. Cell. Biol. 17 (4), 2207–2216.). In this study, we have further characterized the
elements that mediate L1URE function. These studies indicate that the L1 upstream regulatory element (L1 URE) contains a complex RNA
architecture that serves to repress gene expression through multiple sub-effectors. The L1URE functions when located upstream of a
heterologous poly (A) site, and is able to strongly suppress steady state mRNA expression from the MLTU L3 poly (A) site or the murine h-
globin poly (A) site. In the tandem L13 mini-gene system, the L1URE is revealed to influence steady state mRNA stability, and subdomains
within L1URE influence both gene expression and the steady state ratio of transcripts processed at proximal versus distal poly (A) sites.
Transcript and gene repression mediated by the L1URE may provide a general strategy employed by adenovirus to block premature
expression of late stage MLTU transcripts.
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The life cycle of adenovirus involves a temporally
regulated program that can be divided into three major
stages. The E1A protein is immediately produced upon viral
infection (immediate early) and functions as a transcription0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: lliu@pumc.edu.cn.activator to turn on all early gene expressions (E1, E2, E3,
and E4). The expression of early gene products establishes
the cellular environment necessary for viral DNA replica-
tion (Evans and Hearing, 2003; Holm et al., 2002; Hosel et
al., 2001). The onset of viral DNA replication defines the
beginning of the late stage of infection and is followed by
high levels of gene expression from the major late
transcription unit (MLTU). MLTU transcripts code for viral
structural proteins, and during late stage infection account
for over 25% of mRNA generated in the infected cell. Both05) 124 – 135
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controlled during the life cycle of adenovirus. The MLTU
undergoes an early to late switch that involves both forms of
mRNA regulation (Falck-Pedersen and Logan, 1989;
Nevins and Wilson, 1981; Ziff, 1980).
Alternative polyadenylation provides a means of gene
control commonly presented in the majority of complex
transcription units (Edwalds-Gilbert et al., 1997; Lou and
Gagel, 1998). One of the best understood examples is the
adenovirus MLTU which encodes five groups (L1–L5) of 3V
co-terminal transcripts with alternative appearance of differ-
ent transcripts during the course of viral infection (Nevins
and Wilson, 1981). In an early viral infection, major late
promoter is active and nascent transcription occurs to a
point close to L4 poly(A) site. In spite of transcription
through the L1, L2, and L3 poly A sites, the majority of
stable MLTU transcripts present during the early stage
infection are processed at the promoter-proximal L1 poly(A)
site. After the onset of viral DNA replication, stable
transcripts from all five poly (A) sites are almost equally
represented. This temporal regulation of poly (A) site usage
during the course of Ad infection has been defined as the
viral poly(A) site early to late switch. In vitro and in vivo
characterizations showed that the promoter proximal L1
poly (A) site is an inherently poor substrate for 3V RNA
processing with 20–40 fold lower efficiency than that of L3
poly(A) site (Prescott and Falck-Pedersen, 1992, 1994).
Using a viral minigene system, it been shown that a tandem
arrangement of the L1 and L3 poly (A) sites (L13) contain
the cis information required for the early to late poly (A) site
switch. This switch was not accounted for by trans-acting
factors that may arise during late viral infection (Falck-
Pedersen and Logan, 1989). A plasmid L13 minigene
system recapitulates the early processing control with L1
functioning as the dominant poly (A) site at the level of
steady state mRNA (DeZazzo et al., 1991; Falck-Pedersen
and Logan, 1989). Previous studies revealed that the
promoter-proximal L1 poly(A) site contained an upstream
repressive element (URE) functioning as a novel repressor
of gene expression from the downstream L3 poly(A) site
(Prescott et al., 1997). In the current study, we have further
characterized the L1URE. The L1 URE demonstrates a
positional dependence, it is able to act in cis when upstream
of a poly (A) site but not when downstream of a poly A site.
We also demonstrate that the L1 URE is able to repress gene
expression from minigenes that use heterologous poly (A)
sites. Using deletion analysis, we have found that functional
elements of the L1 URE involve at least two cis elements
that influence the efficiency and the choice of poly (A) site
use in a complex transcription unit. These studies demon-
strate that L1URE regulation of mRNA expression from the
early stage MLTU involves a complex RNA structure that
functions at several levels. These results are consistent with
the L1URE serving to repress premature expression of viral
late structural gene products during an early stage of
infection.Results
The L1 URE downregulates gene expression when upstream
of a poly (A) site
Previous studies (Prescott et al., 1997) have shown that
the L1URE functions to downregulate steady state mRNA
levels in transient transfection assays. In a construct that
has the L1URE deleted (Fig. 1A, L1(U-)/L3), the overall
level of CAT gene expression is found to increase when
compared to an L13 construct that contains the natural
L1URE. To determine if L1URE functions in a position-
dependent manner with respect to the L1 and L3 poly (A)
sites, the L1 URE was positioned either between L1 and
L3 poly (A) sites or immediately downstream of the L3
polyadenylation site (Fig. 1A). When placed 3V to the L3
poly (A) site, CAT expression levels were similar to those
found when the L1URE was deleted. In contrast, when
the L1URE was positioned upstream of the L3 poly (A)
site but downstream of the L1 poly (A) site, CAT
expression was significantly reduced when compared to
the L1(U-)/L3 construct, but modestly increased when
compared to L13 (Fig. 1A). These data indicate that gene
repression mediated by the L1URE functions when
upstream of the L3 poly (A) site but has more severe
effect when positioned upstream of both the L1 and L3
poly (A) sites.
To determine if altering the location of the L1 URE
influences the ratio of L1 and L3 poly (A) site usage, an S1
RNA protection assay was performed with total RNA
isolated from 293 cells transfected with each of the tandem
poly (A) constructs. We are using this assay as a simple
measure of poly (A) site use within a sample, and we are not
making statements with respect to total quantitative RNA
yield. For each sample, the transfection efficiency was
normalized using a control assay for TRH receptor as
described in Materials and methods. Each RNA sample was
hybridized to a 32P-labeled DNA fragment corresponding to
the L13 region of each plasmid and subjected to S1 nuclease
digestion. Reaction products were separated by using
denaturing polyacrylamide gel electrophoresis as described
in Materials and methods (Fig. 1B). Using Phosphoimager
analysis, the band intensity corresponding to each L1
product (open arrows) was compared to the band intensity
for L3 cleavage product (closed arrows) (Figs. 1B and C). In
these assays, the wt L13 construct revealed an L1 dominant
product (Fig. 1B, lanes 2 and 3), where the L1 product
intensity was determined to be 4 times more than that of L3
(Fig. 1C). In the L1(U-)/L3 assay (Fig. 1B, lane 5 and 6), the
ratio of the L1/L3 cleavage products was reduced to 1.25
(Fig. 1C). This is consistent with a relative increase in L3
cleavage product as previously described (Prescott et al.,
1997). In constructs with a repositioned L1URE element,
the results are consistent with the L1URE asserting an effect
when it is positioned 5Vto the L3 poly (A) site (Fig. 1B lanes
11 and 12, and C) but having minimal influence when
Fig. 1. The L1 URE functions in a position-dependent manner. (A) A schematic diagram showing the various positions of L1 URE in the tandem poly(A)
system. The black, dotted, and white boxes represent the L1 URE, L1 poly(A) site, and L3 poly(A) site, respectively. Arrows indicate the cleavage/
polyadenylation sites. Four pML.SIS.CAT. constructs [L13, L1(U-)/L3, L1(U-)/L3/URE, and L1(U-)/URE/L3] were transfected into 293 cells along with
pRSVLuc as an internal control. CAT activities were assayed and quantitated with a Molecular Dynamics PhosphorImager. Relative CAT activity was
calculated as a ratio of the luciferase value obtained from each construct divided by that derived from L13 construct. The value represents mean T SD from at
least four independent transfections. (B) mRNA analysis by S1 nuclease protection assay. Transfection efficiency was first normalized by assaying the level of
TRH.r mRNA. The adjusted amount of RNAwas probed with a32P labeled DNA fragment corresponding to respective poly(A) sites and the steady state levels
of mRNAs was analyzed by S1 nuclease protection assay. Black arrows indicate the 5Vproducts of L3 cleavage. White arrows indicate the 5Vproducts of L1
cleavage. The ‘‘+’’ or ‘‘’’ indicates the reaction product transfected with either the CAT construct containing the indicated poly(A) site or the empty CAT
vector without a poly(A) site, respectively. (C) Quantitation of the ratio of L1/L3 poly(A) site with a Molecular Dynamics PhosphorImager. The value
represents the mean from two independent experiments.
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and 9, and C). These assays indicate that the inhibitory
function of the L1URE is position dependent. It does not
have a dramatic influence when located 3V to the tandem
poly (A) element, but will function when positioned
upstream of either the L1 or the L3 poly (A) site when
they are presented in a tandem configuration.The L1URE downregulates gene expression from
heterologous poly(A) sites
Studies characterizing the L1URE have been carried out
in the tandem poly (A) mini-gene cassette that contains the
weak L1 poly (A) site and the strong L3 poly (A) site as the
distal poly (A) site. The ability to move the L1URE
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on gene expression raised the possibility that the L1URE
may function to directly mediate downregulation of a
transcription unit that contains a single strong poly (A) site.
To determine the ability of the L1URE to influence gene
expression in the absence of the L1 poly A site but in the
presence of a strong poly A site, expression constructs were
generated that placed the L1 URE either upstream or
downstream of a truncated version of L3 (L3s) or the
mouse maj globin (gD355) poly(A) site (Fig. 2A). When the
L1URE was positioned upstream of either poly(A) site,
CAT gene expression was repressed (Fig. 2B). Consistent
with previous results, positioning the L1 URE downstreamFig. 2. The L1 URE mediates gene repression when upstream of a
heterogeneous poly(A) site. (A) Schematic diagram showing construction
of CAT expression plasmids. L1 URE was placed either upstream or
downstream of the short version of L3 (L3s) or the mouse maj-globin
(gD355) poly(A) site as indicated. Black, white and striped boxes represent
URE, L3s poly(A) site, and gD355 poly(A) site, respectively. (B) CAT
assays were performed as previously described. Transfection efficiency was
normalized with the internal control bearing luciferase gene products
(pRSVLuc). The CAT activity was quantitated with a Molecular Dynamics
PhosphorImager. Relative CAT activity was calculated as a ratio of the
luciferase value obtained from each construct divided by that derived from
URE/L3s construct. The value represents mean T SD from at least four
independent transfections.of either poly(A) site had minimal effect on CAT gene
expression, indicating that the position of URE with respect
to cleavage/polyadenylation site is crucial in the L1-
mediated gene repression. These results demonstrate the
L1URE can function to repress gene expression in the
absence of the L1 poly(A) site and functions to repress gene
expression from constructs that rely on 3V end formation
from heterologous strong poly (A) sites.
Identification of two cis functional domains within L1 URE
Removal of L1 URE results in an increase in gene
expression, and facilitates use of a downstream poly (A) site
(Fig. 1 and (Prescott et al., 1997)). In order to define the
functional element(s) responsible for L1-mediated gene
repression and poly(A) site switch, a series of 5Vdeletions
of L1 URE were constructed (Fig. 3A). CAT gene
expression assays were used to first determine the effect
of each deletion in transient assays as previously described.
The repression phenotype mediated by the L1 URE was
maintained in constructs that deleted the first 149 bp (to
MaeI site) (Fig. 3A). As 5Vdeletions progressed toward the
3V end of the L1 URE, CAT expression was found to
increase (Fig. 3A). These deletions revealed the presence of
a regulatory cis element within MaeI–BsiEI region. When
deletions were extended further (to DrdI site), CAT gene
expression declined and complete removal of the 3Vregion
of the L1URE was required for full recovery of CAT gene
expression (Fig. 3A). At this point, the 5Vdeletion analysis
of the L1URE reveals the regulatory domain to be complex
and primarily involves sequence in the 3V half of the L1
URE.
The studies characterizing the function of the L1 URE
have shown that the element influences gene expression and
the usage ratio of proximal and distal poly (A) sites. To
determine if the 5Vdeletions increase L3 poly (A) site use,
S1 nuclease assays were carried out as previously described.
In constructs that demonstrate an increase in gene expres-
sion, an increase in the use of the downstream L3 poly(A)
site was expected. In contrast to the predicted result, the S1
nuclease assay of mRNA from each of the 5V deletion
constructs did not indicate an increase in use of the
downstream L3 poly (A) site (Figs. 3B and C). The data
presented are consistent with an increased accumulation of
transcripts processed from the weak L1 poly (A) site (Fig.
3B, lane 1–5 and Fig. 3C ) for those 5Vdeletions which had
an increase in CAT gene expression. In each of the
constructs, the L1 to L3 ratio increased indicating a shift
towards more processing at L1 cleavage site.
In the last of the 5Vdeletion constructs where once again
a repressed gene expression phenotype was revealed in
L1(DrdI)/L3 (Fig. 3A), we anticipated a return to low level
L1 usage and repression of the downstream L3 poly (A) site.
However, the results were not as predicted. The S1 nuclease
protection study revealed that this reduced CAT activity was
correlated with a decreased level of steady state mRNAs
Fig. 3. 5Vdeletions of L1 URE reveal multiple functional elements. (A) The schematic diagram showing a series of 5Vdeletion constructs. The L1 and L3
poly(A) sites are represented by dotted and white boxes, respectively. Dash lines represent the cis elements being deleted. Seven restriction endonuclease sites
or nucleotide position were chosen within this region. Arrows indicate the cleavage sites for L1 and L3 poly(A) sites. After transfecting these 5Vdeleted
constructs plus pRSVLuc as an internal control into 293 cells, cell lysates were harvested for assaying their CAT activities. Reaction products were separated on
a TLC plate and quantitated with a Molecular Dynamics PhosphorImager. Relative CAT activity was calculated as a ratio of the luciferase value obtained from
each construct divided by that derived from L13 construct. The value represents mean T SD from at least four independent transfections. (B) S1 nuclease
protection assay. Total RNAwas isolated from each transfected 293 cells. After normalizing transfection efficiency with TRH.r gene, adjusted RNAs from each
transfection was hybridized to a32P-labeled DNA probe corresponding to respective poly(A) sites and then subjected to the digestion of S1 nuclease. The black
and white arrows represent the cleavage/polyadenylation at either L3 poly(A) site or L1 poly(A) site, respectively. (C) Quantitation of the ratio of L1/L3
poly(A) site with a Molecular Dynamics PhosphorImager. The value represents the mean from two independent experiments.
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a L1 to L3 usage ratio of 1.
To complement and confirm the results of the 5VL1 URE
deletion constructs, a series of L1URE 3V deletions were
constructed (Fig. 4A). Transient transfection assays were
carried out as previously described, and normalized CAT
gene expression was determined. Sequential deletions of the
L1 URE from the 3VMnlI site up to the 5VNciI site did not
rescue L1-mediated gene repression. CAT gene expression
from L1(Drd–Mnl)/L3, L1(BsiE–Mnl)/L3, L1(1607-Mnl)/L3, and L1(Nci–Mnl)/L3 remained at the basal level as
compared with the full length of L13 construct. How-
ever, when deletions from 3V NciI to 5VMaeI site were
characterized, CAT gene expression was increased approx-
imately five fold (Fig. 4A, lanes 5 and 6). Consistent with
the 5V deletion studies, removal of additional sequences
from the 5V end of the L1URE had no influence on gene
expression. At the level of gene expression, the 3Vdeletion
series revealed an important cis repressor domain to be
present in the MaeI–NciI region of L1URE.
Fig. 4. 3Vdeletion of L1 URE influence gene expression and stable mRNA pools. (A) A schematic diagram showing the 3Vdeletion constructs. The L1 and L3
poly(A) sites are represented by dotted and white boxes, respectively. Dash lines represent the cis elements being deleted. Arrows indicate the cleavage sites of
L1 and L3 poly(A) sites. After normalizing transfection efficiency with luciferase gene, cell lysate was assayed for CAT gene expression and quantitated with a
Molecular Dynamics PhosphorImager. Relative CAT activity was calculated as a ratio of the luciferase value obtained from each construct divided by that
derived from L13 construct. The value represents mean T SD from at least four independent transfections. (B) S1 nuclease protection assay. About 20Ag total
RNAs from each transfection were hybridized with a32P-labeled DNA probe corresponding to respective poly(A) site. After digestion with S1 nuclease,
reaction product was separated onto 4.3% polyacrylamide/8M urea. Black and white arrows indicate the cleavage/polyadenylation at either L3 or L1 poly(A)
site, respectively. (C) Quantitation of the ratio of L1/L3 poly(A) site with a Molecular Dynamics PhosphorImager. The value represents the mean from two
independent experiments.
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the MaeI to 1607 contains a major functional domain of the
L1URE. However, based on the data presented, the L1URE
serves a complex and varied role in controlling gene
expression and mRNA production from the MLTU.
Complete rescue of gene repression is also influenced by
the (1607-BsiEI)-sequence element (Figs. 3A and 4A).
Messenger RNA study revealed that in the L13
construct the usage of L1 poly(A) site is about 4.3 folds
more than that of L3 poly(A) site (Fig. 4B). Deletion from
3V MnlI to 5V DrdI did not change the distribution of
poly(A) site usage. However, when deletion went up toBsiEI, L1 and L3 poly(A) sites were almost equally
represented (L1/L3  1.4), indicating that cis effector
localized at the BsiEIDrdI region might be a critical
determinant to the poly(A) site switch. Subsequent 3V
deletions further confirmed that any construct containing
BsiEIDrdI deletion would undergo a poly(A) site switch
from predominant usage of L1 to approximately equal
expression of both L1 and L3 (Figs. 4B and C). This result
is consistent with the S1 study on 5V deletion constructs
(Fig. 3B, lane 16). Finally, based on the mRNA analysis,
the L1 URE influences steady-state mRNA products at the
level of poly (A) site use for both strong and weak poly
Fig. 5. Internal deletions of L1URE reveal a repressor of gene expression. (A) A schematic diagram showing the deletion constructs and the results of their CAT
activities. The L1 and L3 poly(A) sites are represented by dotted and white boxes, respectively. Dash lines represent the cis elements being deleted. Arrows
indicate the cleavage sites of L1 and L3 poly(A) sites. Transfection efficiency was normalized with luciferase gene product. The reaction product was assayed
for CAT activity and quantitated with a Molecular Dynamics PhosphorImager. Relative CAT activity was calculated as a ratio of the luciferase value obtained
from each construct divided by that derived from L13 construct. The value represents mean T SD from at least four independent transfections. (B) mRNA
analysis by S1 nuclease protection. Total RNAs were isolated from each transfection. Transfection efficiency was normalized with TRH.r gene expression. The
adjusted RNAs from each internal deletion were assayed by S1 nuclease protection. Black and white arrows indicate the cleavage/polyadenylation at either L3
or L1 poly(A) site, respectively. The ‘‘+’’ or ‘‘’’ indicates the reaction product transfected with either the CAT construct containing the indicated poly(A) site
or the empty CAT vector without a poly(A) site, respectively. (C) Quantitation of the ratio of L1/L3 poly(A) site with a Molecular Dynamics PhosphorImager.
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switch inhibitor as well as a gene repressor element.
Cis effectors controlling gene repression and poly(A) site
switch
To further confirm the proposed L1 regulatory domains
identified by 5Vand 3Vdeletion studies, a series of internal
deletions were constructed (Figs. 5 and 6). The sequences
between MaeI site and the individual downstream sites
were sequentially removed to make three internal deletions
as shown in Fig. 5A: L1(Mae-Nci)/L3, L1(Mae-1607)/L3,
and L1(Mae–BsiE)/L3. Transient transfection assays were
performed to determine the influence of each internal
deletion on CAT gene expression compared to L13 andL1(U-)/L3. Consistent with 5Vand 3Vdeletion studies, CAT
gene expression was rescued in MaeI–BsiEI deletion
construct. This result confirms that MaeI–BsiEI region
contains a necessary cis element involved in L1URE-
mediated gene repression. In agreement with the 5V
deletion study, S1 nuclease protection assays revealed that
the rescued gene expression was correlated with an
increase in L1 poly(A) site processed mRNA (Figs. 5B
and C).
The L1URE is involved in influencing the relative use
poly (A) sites in the tandem constructs. Based on the
previous deletion analysis, the L1 URE element involved
in poly(A) site choice is located in the region between the
BsiEI and MnlI sites. Internal deletions that characterized
this domain include constructs L1(BsiEI–DrdI)/L3,
Fig. 6. Identification of a domain influencing proximal/distal poly (A) site ratios within the L1 URE. (A) A schematic diagram showing the deletion constructs
and their respective CAT activities. The L1 and L3 poly(A) sites are represented by dotted and white boxes, respectively. Dash lines represent the cis elements
being deletions. Arrows indicate the cleavage sites of L1 and L3 poly(A) sites. After normalizing transfection efficiency with luciferase gene products, cell
lysates were assayed for CAT gene expression and quantitated with a Molecular Dynamics PhosphorImager. Relative CAT activity was calculated as a ratio of
the luciferase value obtained from each construct divided by that derived from L13 construct. The value represents mean T SD from at least four independent
transfections. (B) mRNA analysis by S1 nuclease protection assay. Total RNAs were isolated from each transfection, and first assayed for TRH.r gene
expression (lower panel). The adjusted RNAs from each internal deletion were assayed by S1 nuclease protection. Black and white arrows indicate the
cleavage/polyadenylation at either L3 or L1 poly(A) site, respectively. The ‘‘+’’ or ‘‘’’ indicates the reaction product transfected with either the CAT construct
containing the indicated poly(A) site or the empty CAT vector without a poly(A) site, respectively. (C) Quantitation of the ratio of L1/L3 poly(A) site with a
Molecular Dynamics PhosphorImager. The value represents the mean from two independent experiments.
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these constructs were analyzed for CAT gene expression,
CAT levels were found to be essentially the same as a
construct that contains the full L1URE (Fig. 6A). Analysis
of steady state levels of mRNA generated by transient
assays revealed that deletion of the BsiEI–DrdI element
influenced both the mRNA yield and the ratio of L1/L3
processed transcripts (Fig. 6B, compare lane 1–2 with
lane 9–10). Constructs without BsiEI–DrdI sequence
underwent poly (A) site switch and brought the ratio ofL1/L3 close to 1:1 (Figs. 6B and C). Although the L1/L3
ratio in DrdI–MnlI was lower than that of L13, tran-
scripts cleaved at L1 poly (A) site were still predominant
over L3 poly(A) site as compared with the poly(A) site
distribution in L1(U-)/L3 construct. Based on these data,
the regulatory influence of the L1URE is demonstrated to
have an additional cis element localized to the BsiEI–
DrdI region. This element influences the ratio of steady
state mRNA processed at the L1 versus the L3 poly (A)
sites.
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The minimal L1 poly(A) site is a comparatively weak
substrate for 3VRNA processing machinery and has been
defined as a weak poly(A) site (Prescott and Falck-
Pedersen, 1992). The role of the L1URE in gene
expression has been characterized primarily in the context
of tandem poly(A) site minigene constructs characterizing
a role in the early to late processing switch function of
this element. To demonstrate a direct influence of the
L1URE on gene expression dependent on the L1 poly (A)
site alone, four L1 5Vdeletion mutants were generated: L1,
L1(MaeI), L1(1607), and L1(BsiEI). These constructs
were used in the transient transfection assay and compared
to their tandem L13 mini-gene counterparts. The pattern
of gene expression mediated by the L1URE in constructs
that depend on L1 processing was completely consistent
with those that contained the tandem L13 poly (A) sites
(Fig. 7).
Removing URE increases mRNA stabilities generated from
L1(U-)/L3 poly(A) site
Based on the studies presented, L1URE-mediated gene
repression may occur through a number of pathways that
lead to control of early gene expression. RNA processing
efficiency, transport from the nucleus to the cytoplasm, and
differences in mRNA 1/2 life are possible steps where theFig. 7. L1URE elements directly influence L1 steady state mRNA in the
absence of a downstream poly (A) site. Four 5V deletion mutants of
pML.SIS.CAT.L1 construct were generated as L1, L1(MaeI), L1(1607),
and L1(BsiEI) by removing the L3 sequence from their respective 5V
deletion mutants of pML.SIS.CAT.L13 as showed in Fig. 3 by KpnI/SalI
digestion and re-ligation. After normalizing transfection efficiency with
pRSVLuc, cell lysate was assayed for CAT gene expression and quantitated
with a Molecular Dynamics PhosphorImager. Relative CAT activity was
calculated as a ratio of the luciferase value obtained from each construct
divided by that derived from L13 construct. The value represents mean T
SD from at least four independent transfections.L1URE is functioning. In previous studies (Prescott et al.,
1997), it was argued that the overall yield of steady state
mRNAwas compromised and at some level, nuclear mRNA
instability/transport rather than protein translation defect
might be responsible for this repression. In those earlier
studies, mRNA 1/2 life studies revealed that transcripts
cleaved at either the L1 or the L3 poly (A) site had similar
steady state 1/2 lives (L1 = 2.5 h, L13 = 2.85 h). We carried
out a similar study using the mRNA generated from L1(U-)/
L3 tandem poly(A) (Fig. 8). Removing the L1URE from
L13 poly(A) site increased the stability of steady state
transcripts processed at both L1 and L3 poly(A) sites
(mRNA half-life of L1(U-)  5.13 h and L1(U-)/L3  5.78
h, Fig. 8). Therefore, a portion of the increase in gene
expression found with the L1URE deletion constructs can
be attributed to enhanced mRNA stability.Discussion
The early to late transition of the MLTU represents an
important step in the execution of the adenoviral life cycle.
Using deletion analysis of the L1URE, we have demon-
strated a complex arrangement of L1URE sequence
elements that mediate its function. We believe this complex
sequence structure may be involved in influencing gene
expression by several mechanisms. Our studies have
primarily focused on how the L1 URE regulates gene
expression in a transient transfection environment. This
more closely reflects how the sequence element may
function during an early stage of infection where repression
of downstream terminal exons occurs in the MLTU.
Mechanistic studies indicated that URE-mediated gene
repression might be directly coupled to mRNA turn over in
the cells. Data reveal that this element is involved in
enhancing the turnover of L1 containing transcripts that are
successfully processed in the nucleus. Previous studies
implicated a nuclear step may also be operating on this
sequence element through RNA stability/transport mecha-
nisms (Prescott et al., 1997). We have shown that the
L1URE functions when localized upstream of a poly(A)
site. If the L1URE is serving the purpose of a general
repressor of early mRNA expression, positioning upstream
of the L1 poly (A) site may provide the best opportunity to
influence the entire MLTU.
Consistent with a function as a global repressor of early
gene expression, our results indicate that this element
influences cleavage/polyadenylation efficiency of the down-
stream poly (A) site. This presents an additional mechanism
where the L1URE may influence the biology of tran-
scription/RNA processing from the MLTU. Deletion anal-
ysis indicated that the minimal functional element of L1
URE was about 104 nt long in which two joined sub-
effectors functioned coordinately to control both L1-
mediated gene repression and poly (A) site switch. Overall,
this element appears to serve as a safeguard or checkpoint
Fig. 8. Determination of mRNA half-life for transcripts processed at L1 and L3 poly(A) sites in a L1URE deleted construct. (A) S1 nuclease analysis on steady
state levels of transcripts processed at either L1 or L3 poly(A) site after actinomycin D chase. About 20 Ag of pML.SIS.CAT.L1(U-)/L3 was transfected into
each 100-mm plate. After 24-hr transfection, the cells mixed, splitted, and then chased with actinomycin D for 0, 1, 2, 4, 8 h before harvesting. About 15 Ag of
total RNAs from each time point was probed with 32P-labeled L1(U-)/L3 probes. After normalization, the reaction products were digested with S1 nuclease and
resolved onto polyacrylamide gel. Transcripts processed at L1 and L3 poly(A) sites were indicated by arrows. Cells were transfected with either the empty
vector (lane 1), or with pML.SIS.CAT.L1(U-)/L3 (lanes 2–6). (B) mRNA half-life measurement. The reaction products were quantitated with Molecular
Dynamics PhosphorImager. mRNA 1/2 life was calculated by the equation described in Materials and methods.
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infection.
L1-mediated gene repression was identified by decreased
reporter gene expression in constructs that contain the L1
URE positioned upstream of a strong 3Vcleavage site (Figs.
1 and 2). In the L13 version, positioning URE immediately
upstream of or between L1/L3 tandem poly (A) site but not
downstream of L3 site repressed poly(A) site switch (Fig.
1C). That the L1URE could also mediate a dramatic
repression of gene expression in constructs that contain a
single strong poly (A) site such as the globin element lends
to support the hypothesis that this element is serving to
repress MLTU mRNA production.
Alternative polyadenylation during early and late Ad
infection involves a temporal regulation (Nevins and
Wilson, 1981; Ziff, 1980). The mechanism(s) governing
this temporal switch is not well understood. Competition of
3Vprocessing factor(s) within a complex transcription unit
has been shown to play a critical role in alternative
polyadenylation in numerous model systems including
immunoglobulin (Takagaki et al., 1996) and adenovirus
(Mann et al., 1993). Earlier studies have identified two cis
elements flanking the adenovirus L1 poly(A) site influenc-
ing poly(A) site choice in either plasmid or viral minigene
system (DeZazzo and Imperiale, 1989; DeZazzo et al.,
1991). These flanking elements affect poly (A) choice by
stabilizing the formation of CPSF–RNA complex at the L1
poly(A) site (Gilmartin et al., 1996). Analysis of Ad-
infected HeLa nuclear extract revealed a significant drop of
CFI (CstF) factor during the late stage of Ad infection whichwould favor the strong basal poly (A) site usage (Mann et
al., 1993). However, our study has documented that the
presence of an unprocessed L1 poly (A) site in the tandem
L13 transcripts limited the accumulation of L13 transcripts,
but did not affect transcription termination at the down-
stream L3 poly(A) site (Prescott et al., 1997). More
importantly, abolishing L1 poly (A) signal by mutagenesis
did not enhance the cleavage activity at downstream of L3
poly(A) site (Prescott et al., 1997). Thus, the regulation of
alternative polyadenylation in AdMLTU appears to involve
a complicated layering of several mechanism(s) involved in
mRNA metabolism.
During early Ad infection, the major late promoter which
is located at 16.5 map unit drives transcripts to a point close to
the 3V end genome at about 70 map unit (Iwamoto et al.,
1986). Compared to a late stage infection, early stage
expression from the major late promoter is at a low level.
Cellular machineries involved in normal mRNA processing
control, transport, and mRNA stability may be able to handle
the mass of MLTU transcript generated and allow appropriate
repression of steady state mRNA through L1 URE-mediated
events. When adenovirus enters the late stage of the
infectious cycle, extremely high levels of transcription are
found to occur and the mechanisms that allow L1 (and
L1URE) to determine the metabolism of transcripts generated
from the MLTU are over ridden. This may occur through
saturation of the mechanisms that mediate repression by an
excess of nascent transcript. Further studies will be required
to characterize how the repressor element is compromised
under the conditions established in a late infection.
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Plasmid constructs
The construction of the plasmids pML.SIS.CAT.L13 and
pML.SIS.CAT.L1(U-)/L3 has been described previously
(Prescott et al., 1997). The complete URE was amplified
from L13 poly(A) site by polymerase chain reaction (PCR)
using Vent DNA polymerase (New England BioLabs). After
restriction endonuclease digestion, the URE was isolated
and purified from 1% agarose gel. The URE was then
subcloned into KpnI or SalI site of pML.SIS.CAT.L1(U-)/
L3 to make either pML.SIS.CAT.L1(U-)/URE/L3 or
pML.SIS.CAT.L1(U-)/L3/URE. The URE was also inserted
into BamHI or SalI site of either pML.SIS.CAT.L3s or
pML.SIS.CAT.gD355 to generate the following constructs:
pML.SIS.CAT.URE/L3s, pML.SIS.CAT.L3s/URE,
pML.SIS.CAT.URE/gD355, and pML.SIS.CAT.gD355/
URE.
A series of 5Vdeletion constructs of L1 URE was made
by Vent-directed PCR with specific primers. Seven
restriction endonuclease sites or nucleotide position were
selected within the 320-bp L1 URE as showed in Fig. 3.
The 5V deletion constructs were named according to the
restriction sites or sequence position selected: pML.SIS.
CAT.L1(BglI)/L3, pML.SIS.CAT.L1(PstI)/L3, pML.SIS.
CAT.L1(MaeI)/L3, pML.SIS.CAT.L1(NciI)/L3, pML.SIS.
CAT.L1(1607)/L3, pML.SIS.CAT.L1(BsiEI)/L3, and
pML.SIS.CAT.L1(DrdI)/L3.
A series of 3V deletion constructs of L1 URE was
constructed by Vent-directed PCR with specific primers.
The deletion scheme starting from the MnlI site of the 3V
end of URE up to the 5Vend of URE has been depicted in
Fig. 4A. The 3Vdeletion constructs were named as follows:
pML.SIS.CAT.L1(Drd I –Mnl I)/L3, pML.SIS.CAT.L1
(BsiEI –Mnl I)/L3, pML.SIS.CAT.L1(1607 –Mnl)/L3,
pML.SIS.CAT.L1.(Nci I –Mnl I)/L3, pML.SIS.CAT.L1
(MaeI–MnlI)/L3, pML.SIS.CAT. L1(PstI–MnlI)/L3, and
pML.SIS.CAT.L1(BglI–MnlI)/L3.
Internal deletions were also constructed by Vent-directed
PCR to delete out different sizes of sequences from MaeI
site to various downstream sites as shown in Fig. 5A.
Internal deletion was also made by deleting out the sequence
between BsiEI to DrdI sites as shown in Fig. 6A. They
were named as follows: pML.SIS.CAT.L1(MaeI–NciI)/L3,
pML.SIS.CAT.L1(Mae I – 1607)/L3, pML.SIS.CAT.L1
(MaeI–BsiEI)/L3, pML.SIS.CAT.L1(MaeI–DrdI)/L3, and
pML.SIS.CAT.L1 (BsiE–Drd)/L3.
Monolayer culture, transfection, and CAT assay
Monolayers of human embryonic kidney 293 cell line
(Graham et al., 1977) were grown in Dulbecco’s modified
Eagle medium supplied with 5% calf serum. Cells were first
plated onto 100 mm tissue culture dishes 24–48 h prior to
transfection. At 80% confluency, total 4 Ag of eachpML.SIS.CAT construct was delivered into each plate by
Ca2PO4 precipitation method along with 0.5 Ag
pAdCMVdH-TRHrE2 (Falck-Pedersen et al., 1994), 4 Ag
pRSVLUC (Brasier et al., 1989) and 14 Ag pGEM4 as
carriers. The medium was replaced with a fresh one at about
24 h post-transfection. After 48 h transfection, cells were
rinsed three times with 1  PBS (without Ca++/Mg++),
incubated with 4 ml Tris-EDTA-NaCl (0.04 M Tris–HCl,pH
7.4; 1 mM EDTA; 0.15M NaCl) at room temperature for 5
min, and scraped off. About 0.5 ml cell suspension was
pelleted into a 1.5-ml Eppendorf tube for CAT assay, and the
rest was pelleted into a 6-ml polypropylene tube (Becton
Dickinson Labware) for extraction of total cellular mRNA.
The cells which was pelleted in Eppendorf tube was
resuspended into 100 Al of 0.25 M Tris–HCl, pH 7.8, and
disrupted by three freeze–thaw cycles. About 25 Al extract
was taken for luciferase assay using an Analytical Lumines-
cence Laboratory Monolight 2010 to normalize the trans-
fection efficiency. The remaining 75 Al extract was heated at
65 -C for 5 min to inactivate deacetylases and spun for 5 min
to remove any precipitate. CAT assay was conducted as
described previously (Prescott et al., 1997). After normaliz-
ing with luciferase gene products, the cell extract was
incubated at 37 -C for 30 min in a reaction volume
containing 33 AM 14C chloramphenicol (40–50 mCi/mmol),
0.5M Tris–HCl pH 7.8, and 0.6 mM acetyl coenzyme A.
The reaction products were then resolved on a silica gel thin
layer chromatography plate in chloroform/methanol (95:5)
for 20 min and exposed against XAR-2 Kodak film
overnight at room temperature. Reaction products were also
quantitated with a Molecular Dynamics PhosporImager.
Preparation of a32P labeled DNA probes for S1 nuclease
assay
All pML.SIS.CAT. constructs used for S1 nuclease
protection assay were digested with restriction endonu-
cleases ApoI and SmaI. Plasmid pAdCMVdH-TRHrE2 was
digested with MunI and EcoNI. The expected DNA
fragments from each digestion were purified from 1%
agarose gel after electrophoresis. The 3V recessive ends
created by ApoI or MunI were labeled with the large
fragment (Klenow) of DNA polymerase I in a reaction
volume containing 0.7 AM a32P dATP and 200 AM dTTP.
S1 nuclease protection assay and mRNA half life
determination
Transfection efficiency was first normalized with the
TRH.r gene products by S1 protection assay. The Adjusted
amount of RNAs was hybridized with 150,000 cpm specific
a32P-labeled DNA probe in 40 Al hybridization buffer [80%
formamide, 1 mM EDTA, 400 mM NaCl, and 40 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES)] fol-
lowing denaturation at 95 -C for 2 min. After hybridizing
overnight at 55 -C, 0.5 ml of ice-cold S1 digest buffer (0.28
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Ag/ml denatured herring sperm DNA) plus 250 units S1
nuclease were rapidly added and incubated at 37 -C for 1 h.
The reactions were stopped by addition of equal volume of
stopping buffer (0.1 M EDTA, 3M NH4OAc, and 200 Ag/ml
yeast RNA carrier), brought total volume to 0.5 ml with
sterilized dH2O, extracted with 0.5 ml phenol-chloroform
once, and then precipitated with two volumes of 100%
ethanol for 1 h at  20 -C. After spinning down and speed
vacuum dryness, the pellet was dissolved into 5 Al
formamide loading buffer and resolved onto a 4.5%
polyacrylamide/8M urea gel.
For the measurement of mRNA half-life, actinomycin D
chase experiment was performed. Plasmid DNAs of
pML.SIS.CAT.L1(U-)/L3 were transfected into three 100-
mm culture dishes. After 24-h transfection, the cells were
trypsinized, mixed, and equally splitted into five 100-mm
culture dishes, and continuously cultured for 36 h. At end of
the culture, the cells were chased with 5 mg/ml of
actinomycin D for 0, 1, 2, 4, and 8 h. Total RNAs were
isolated from each time point. Assaying samples were first
normalized with glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) mRNA by S1 nuclease protection. Then, the
adjusted volume was hybridized to 32P-labeled L1(U-)/L3
probe, digested with S1 nuclease, and resolved onto 4.5%
polyacrylamide–8 M urea gel. Reaction products were
quantitated with a Molecular Dynamics PhosporImager.
mRNA half-life was determined using the equation t1/2 =
ln2/k where k is the slope constant calculated from the linear
equation ln (Cp/Ct) = kt. Cp is the starting concentration of
mRNA, while Ct is the concentration of mRNA at time Ft_.Acknowledgments
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